Abstract-We investigated whether sleep quantity and quality were related to 24-hour ambulatory blood pressure and cardiovascular reactivity in children. We studied term-born, healthy 8.0-year olds (SD: 1.4 years) without sleepdisordered breathing (231 and 265 children provided valid data for analyses of ambulatory blood pressure and cardiovascular reactivity, respectively). Sleep was registered with an actigraph for 6 nights on average (SD: 1.2; range: 3 to 13 nights). Ambulatory blood pressure was measured for 24-hours (41% nonschool days) with an oscillometric device. The children underwent the Trier Social Stress Test for Children, during which blood pressure, electrocardiography, and thoracic impedance were recorded and processed offline to give measures of cardiovascular and autonomic function. Neither quantity nor quality of sleep was related to 24-hour ambulatory blood pressure or cardiovascular reactivity after accounting for major covariates (sex, age, height, body mass index, and parental education). Although lower sympathetic nervous system activation and higher cardiac activation under stress were found in the group of children who slept for short duration when they were compared with the average sleep duration group, these associations were not significant after correction for multiple testing and were not seen in linear regression models of the effects of sleep duration. 3, 4 are established in adults but not in children. This is surprising given that Յ40% of all children are estimated to experience sleep problems and that the problem persists in approximately half of those affected. 5 Furthermore, elevated blood pressure (BP) and hypertension in pediatric populations are more commonly recognized than in the past. 6 BP tracks over time from childhood to adulthood, 7 and longitudinal data show that elevated BP levels in childhood are associated with hypertension, 8 manifestations of carotid atherosclerosis, 9 and coronary heart disease 10 in adulthood.
A ssociations of poor sleep with increased risk of hypertension 1,2 and cardiovascular disease 3, 4 are established in adults but not in children. This is surprising given that Յ40% of all children are estimated to experience sleep problems and that the problem persists in approximately half of those affected. 5 Furthermore, elevated blood pressure (BP) and hypertension in pediatric populations are more commonly recognized than in the past. 6 BP tracks over time from childhood to adulthood, 7 and longitudinal data show that elevated BP levels in childhood are associated with hypertension, 8 manifestations of carotid atherosclerosis, 9 and coronary heart disease 10 in adulthood.
Few existing studies have addressed associations between poor sleep and cardiovascular function in children. Those that have differ in their target populations and their measures of sleep and have produced contradictory results. For example, actigraphic and polysomnographic measures of low sleep efficiency (percentage of time in bed spent asleep) were associated with elevated systolic and diastolic BPs, as well as hypertension in a multiethnic sample of 13-to 16-year olds from the United States. 11 Others have relied on parent or teacher reports to assess sleep duration indirectly. In these studies, longer sleep has been associated variously with increased BP, 12 decreased BP, 13 and no change in BP 14 in groups that differed by age and ethnicity, with sample sizes ranging from 117 12 to 12 680. 13 In many of these studies, measures of resting cardiovascular function have been limited to occasional BP measurements, and we are not aware of any such studies addressing cardiovascular function in response to a challenge. This may be important, given the ability of cardiovascular reactivity to stress to predict risks of subsequent stroke, 15 coronary calcification, 16 increased left ventricular mass, 17 and hypertension, 18 beyond that of resting BP.
We designed a study using objective measures of sleep duration and quality, and improved profiling of cardiovascular function, both at rest and in response to a social stressor (the Trier Social Stress Test for Children; TSST-C). This addressed 2 hypotheses, that abnormal sleep quantity or poor sleep quality might be associated with increased resting BP, assessed by 24-hour ambulatory BP (ABP) recordings, and that abnormal sleep quantity or poor sleep quality might be associated with increased cardiovascular reactivity to a psychosocial stressor.
Methods

Participants
The children came from an urban cohort of 1049 infants born in a single level 2 maternity hospital between March and November 1998. 19 Altogether, 912 mothers agreed to be contacted about future studies, and 890 (84.8% of initial cohort) were traced. Because a primary objective of the initial study was to examine the effects of maternal licorice consumption during pregnancy on the children, subsequent participants have been recruited to overrepresent children with mothers at the extremes of licorice consumption, as described previously. 19, 20 Of the 413 invited children, 321 participated (77.7%). Apart from less frequent maternal smoking during pregnancy (Pϭ0.02), participants did not differ from nonparticipants. Because of known effects on sleep and cardiovascular function, children who were premature or had been diagnosed with developmental delay or sleep-disordered breathing were excluded. [21] [22] [23] When sleep data were not available for Ն3 nights, they were considered invalid. As a result, 231 children (72% of follow-up participants; 53% girls) had valid sleep and ABP data, and 265 children (82.6% of follow-up participants; 53% girls) had valid sleep and cardiovascular reactivity data. Children with invalid data differed from those included in analyses only by having parents with a lower level of education (Pϭ0.001) and younger mothers (Pϭ0.008).
The ethical committee of the City of Helsinki Health Department and the ethical committee of the Helsinki University Hospital for Children and Adolescents at Helsinki and the Uusimaa Hospital District approved the project. Parents and children gave informed, written consent.
Sleep Characteristics
Sleep was objectively measured using actigraphs (Actiwatch AW4, Cambridge Neurotechnology Ltd) worn on the nondominant wrist. During a 24-hour period chosen by the family, ABP was also recorded. Because ABP measurement disturbed sleep, that night was excluded from sleep analysis. Thus, sleep data were analyzed for an average duration of 6.1 nights (SD: 1.2 nights; range: 3 to 13 nights). Detailed description of the actigraph assessment has been given before. 24 Data were scored using Actiwatch Activity and Sleep Analysis software (v 5.42) with medium sensitivity and 1-minute epochs. Sleep duration refers to actual sleeping time. We used the validated Actiwatch algorithm, 25 which defines "sleep start" as the first 10 minutes of continuous immobility. Sleep efficiency was defined as the percentage of time in bed that was spent asleep. The number of minutes spent moving as a percentage of time spent in bed and the percentage of immobility phases lasting Ͻ1 minute were summed to yield the fragmentation index (an indicator of restlessness). Sleep latency was defined as the delay between reported bedtime and sleep onset.
Ambulatory BP
ABP was measured every 30 minutes between 8:00 AM and 10:00 PM and every hour between 10:00 PM and 8:00 AM the following morning (41% on nonschool days) using an oscillometric device (SpaceLabs 90207, SpaceLabs Healthcare), using the appropriate cuff size. The monitors met the standards of Association for the Advancement of Medical Instrumentation and British Hypertension Society for ABP measurement. 26 BP cuffs were sited on the nondominant upper arm. Measurements were rejected for systolic ABP Ͼ220 or Ͻ60 mm Hg, diastolic ABP Ͼ120 or Ͻ35 mm Hg, 27 pulse pressure Ͼ120 or Ͻ20 mm Hg, or heart rate (HR) Ͼ180 or Ͻ40 bpm. 28 On average, this yielded 24.8 valid day (SD: 3.7; range: 10 to 31) and 9.8 valid night (SD: 1.4; range: 4 to 13) readings. If data were available for Ͻ30% of the night or day, the recordings were excluded. Average 24-hour ABP level was calculated as the mean of average day and average night values. ABP load was calculated as the percentage of ABP values over a given period that exceeded pediatric 95th percentiles according to sex, age, and height. 29 
Cardiovascular Reactivity
To assess cardiovascular reactivity, the children underwent a psychosocial stress test (TSST-C). This has been shown to produce strong and reliable autonomic responses in children of the same age. 30 The physiological measurements have been described in detail before. 31 In a clinic setting, impedance cardiograph electrodes and a noninvasive Vasotrac APM205A (MedWave Inc) BP monitor were attached, and data were recorded for 5-minute epochs, with the children in a standing position, and then during the speech and math tasks of the TSST-C. This protocol has been described in detail elsewhere. 30 Cardiac output (CO), pre-ejection period (PEP; an indirect index of cardiac sympathetic activation), 32 and HR were measured using a BIOPAC MP150 (BIOPAC Systems Inc, Santa Barbara, CA) with impedance cardiography (NICO100C) and ECG (ECG100C) modules, following published methodologic guidelines. 33 Signals were sampled at 1000 Hz, and devices were calibrated according to manufacturer's instructions using Biopac AcqKnowledge software (v 3.8.1). Data were analyzed using WinCPRS 1.160 software (Absolute Aliens, Turku, Finland). We used PEP in our analyses both unadjusted and corrected for concurrent HR. High-frequency HR variability (an indirect index of parasympathetic activity) 34 was determined according to current guidelines. 34 Total peripheral resistance (TPR) was calculated as (mean arterial pressure/CO)ϫ80 and expressed in dynesϫsecondsϫcentimeter Ϫ5 . The determinants of BP (TPR and CO) and the autonomic responses that drive HR and pressor responses (sympathetic [PEP] and parasympathetic [HR] activity) were assessed with these measures.
For each cardiovascular measure, mental stress responses were calculated as the difference between means of the 10 minutes of stress and the first 5-minute rest period, in accordance with established approaches. 30, 35 Because thoracic impedance cardiography may track stroke volume with acceptable accuracy but requires calibration to an invasive standard for absolute accuracy, we used the ratio of mean stress and rest values as a measure of stress response in impedance-derived measures, as has been suggested previously. 33 
Statistical Analyses
Associations of sleep measures with 24-hour ABP and cardiovascular stress response variables were tested with multiple linear regression. To test for threshold effects, analyses were repeated with the sleep variables categorized (sleep duration was categorized into 3 groups contrasting the top and the bottom 10% with the middle 80% of the sample; sleep latency and fragmentation were dichotomized contrasting the top 10% with the rest of the sample; and sleep efficiency was dichotomized contrasting the bottom 10% with the rest of the sample). Analyses were adjusted for the child's sex, age, height, body mass index, maternal licorice consumption during pregnancy, and parental education (highest of either parent). All of the analyses were performed for the whole population and then for each sex separately. Multiple statistical tests were accounted for using Bonferroni correction. Table 1 shows the characteristics of the participants according to sex. Boys, in comparison with girls, had lower 24-hour systolic ABP 95% load, lower daytime diastolic ABP, and lower 24-hour diastolic ABP load. They also had lower baseline HR and CO and longer PEP (lower cardiac sympathetic stimulation) but higher baseline TPR and higher HR reactivity to the TSST-C. Girls and boys had a significant BP response to the TSST-C (PϽ0.001); increased TPR rather than CO was responsible for this.
Results
Sleep and ABP
There were no significant associations between any measure of sleep quality and any parameter of ABP, when the sleep measures were treated as categorical variables (Table S1 , available in the online Data Supplement, please see http://hyper.ahajournals.org) or as continuous variables (Table S2) .
Sleep and Cardiovascular Reactivity
In response to the TSST-C, children with short in comparison with average sleep duration had lower systolic BP, TPR, longer PEP (lower sympathetic activity), and higher CO (Table 2) . However, when sleep quantity and quality were analyzed as continuous variables, none of these associations were statistically significant (Table S3) .
After correction for multiple testing, no association remained significant (PϾ0.07), and there was no evidence that associations differed by sex. Adjustment of PEP for HR made no difference to the results.
Discussion
We analyzed the associations between actigraphy-defined sleep quantity and quality and 24-hour ABP in a community sample of 8-year-old children without sleep-disordered breathing. We found that sleep quantity and quality, treated either as categorical or continuous variables, were not associated with ABP. We also found that, in comparison with average sleepers, children with a short sleep duration had lower systolic BP, TPR, longer PEP and higher CO responses to the TSST-C. This would suggest lower sympathetic nervous system activation and higher cardiac activation under stress for children whose sleep is shorter. However, these associations were not significant after correction for multiple testing and were not seen in linear regression models of the effects of sleep duration.
In this study, we used objective, current methods for measuring sleep during daily living and cardiovascular function during daily living and under stress. The validity of actigraphy is well established as a method for assessment of sleep quantity and quality over consecutive nights, 36 with high levels of agreement with polysomnography measures. 25 This approach is considered superior to questionnaire or interview data. 37 Twenty-four-hour ABP is also regarded as a better approach to the characterization of BP status at rest than isolated BP measures because of the highly labile and stress-responsive "white-coat" nature of the measure. 38 In addition to resting BP characterization, we used an extensive approach to characterization of the cardiovascular responses 33, 39 to a standardized psychological stressor (TSST-C). This has been shown to elicit significant cardiovascular stress responses in pediatric populations. 30, 31 Thus, our study has a number of methodologic strengths in comparison with existing studies that have generally relied on parent or teacher reports of children's sleep 12-14 and infrequent or single BP measures. [11] [12] [13] [14] Our study population also has a number of beneficial characteristics. Birth anthropometry, length of gestation, and health at birth were all within the normal range. Participants were prepubertal and drawn from a narrow age range. They had normal body weights and were healthy at the time of testing. They all came from an ethnically homogeneous Northern European population, and 61% had Ն1 parent who had completed tertiary education. Although these character- BMI indicates body mass index; ABP, ambulatory blood pressure; TSST-C, Trier Social Stress Test for Children; SBP, systolic blood pressure; DBP, diastolic blood pressure; PEP, pre-ejection period; CO, cardiac output; TPR, total peripheral resistance; HR, heart rate; HF HRV, high-frequency heart rate variability.
*Data show the percentage of blood pressure values exceeding the pediatric 95th percentile of systolic and diastolic blood pressure specific for sex, age, and height. 29 istics limit the generalizability of our findings, they also reduce the possibility of confounding effects. This offers an explanation for differences between our findings and those of previous studies. For example, Javaheri et al 11 reported that actigraphy-defined low sleep efficiency was associated with elevated systolic BP and diastolic BP and with hypertension and that short sleep duration was associated with hypertension in a sample of 13-to 16-year-old adolescents (nϭ238), of whom 57% were born premature, 55% were of black origin, and 21% were obese at the time of testing. Because all of these characteristics are associated with elevated BP, 22, 40, 41 and adolescents at different stages of sexual maturation vary in their biological need for sleep, 42 the risk of confounding in their study was likely to have been greater than in ours.
Although we have not shown associations of actigraphydefined sleep and cardiovascular function in this study, we have previously reported associations of actigraphy-defined short sleep duration and lower sleep efficiency with higher salivary cortisol on awakening and during the TSST-C in the same participants. 43 We have also reported in this study population that short sleep duration was associated with symptoms of attention deficit hyperactivity disorder 44 and with externalizing problems, whereas irregularity in sleep duration was associated with internalizing problems. 45 Short sleep duration and poorer sleep efficiency were also associated with poorer performance in some neurocognitive tests. 46 These previous findings are in accordance with study hypotheses and illustrate the validity of our method. Therefore, our findings suggest that characteristics of the study population, rather than failure of the methodology used for monitoring sleep and cardiovascular function, offer a more likely explanation for the null associations. Whether poor sleep will manifest as raised 24-hour ABP and as higher cardiovascular reactivity in subsequent years as the children mature is not yet known. Given that the TSST-C produces a mainly vascular and less cardiac response, 30, 31 future studies might verify and extend our results by using a range of stressors, such as isometric stress or isotonic exercise, that stimulate a more pronounced cardiac response.
Perspectives
We found that objectively measured poor sleep among healthy 8-year olds was not associated with 24-hour ABP or cardiovascular reactivity in response to a standardized psychosocial stress test. Although these findings contradict those of several studies where subjects were more heterogeneous in age, sociodemographic characteristics, and health, they are drawn from a relatively large study population using robust BMI indicates body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PEP, pre-ejection period; CO, cardiac output; TPR, total peripheral resistance; HR, heart rate; HF HRV, high-frequency heart rate variability; MD, mean differences. Negative mean difference indicates that children with poor sleep quantity or quality have lower values as compared with others.
*Categorization for short sleep duration is Յ7.70 h; long sleep duration, Ն9.30 h; low sleep efficiency, Յ77%; long sleep latency, Ն0.5 h; and high fragmentation index, Ն43%.
†The presented PEP values are unadjusted; adjustment of PEP for heart rate made no difference to the results. ‡All of the mean differences were nonsignificant, except Pϭ0.051. §All of the mean differences were nonsignificant, except Pϭ0.023. All of the mean differences were nonsignificant, except Pϭ0.003. ¶All of the mean differences were nonsignificant, except Pϭ0.001.
methodologies. Thus, our study suggests that poor sleep in healthy children, from a relatively affluent population, is not associated with BP or cardiovascular reactivity, although we cannot rule out the possibility of a delayed detrimental effect in later life.
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